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REVIEW OF LITERATURE 
REVIEW OF LITERATURE 
Polycyclic aromatic hydrocarbons (PAHs) constitute a 
major class of organic pollutants entering into environment 
(Johnson and Larsen, 1985; Jacob ejt. al . . 1986). Thayv are 
ubiquitous and contaminate both groundwater (Schwarzenbach and 
Westall, 1989) as well as agricultural lands (Jones et. al . , 
1981). They are composed of carbon and hydrogen atoms with 
fused benzene rings. For instance, naphthalene ( C ^ Q ^ S ' ^^ 
composed of two fused rings and is the simplest of PAHs. 
Hydrocarbons in the molecular weight range between 
naphthalene (126.16) to coronene (C24Hi2'MU 300.36) are of 
primary environmental concern. The chemical structures of the 
PAHs studied are given in Figure 1. The different number of 
rings and the orientation of the rings results in 
differences in the environmental properties of PAHs. The 
selected environmental properties are presented in Tables 1 
and II for the six PAHs studied. 
The presence of PAHs is attributed to a number of 
I 
petrogenic and pyrogenic sources (Laflamme and Hites, 1978; 
National Academy of Science, 1983). They are the components of 
crude and refined petroleum and coal and are also formed as 
combustion products of various organic materials. The main 
source however, is the continuous low-level inputs from road 
surfaces, domestic waste, seepage from underground storage 
tanks and effluents of oil refineries. It has been reported 
1 
Naphthalene 
Pyrene 
Ant hrGcene 
Chrysene 
P h e n a n t h r e n e 
Ben20 (a )pyrene 
Fig. 1. Chemical structures of the PAHs studied. 
Table I : Biological properties of t.he PAlIs studied 
1 1 2 
PAH Molecular Water Acute Carcino/ Bioaccumulation 
Weight Solubility Toxicity Mutagenicity Potential (mg.L ) 
Naphthalene 
Phenanthrene 
Anthracene 
Pyrene 
Chrysene 
Benzo(a) 
128 
178 
178 
202 
228 
252 
31.7 
1.29 
0.073 
0.135 
0.002 
0.004 
-/- 131 
-/- 325 
-/- 917 
+ / + 
++•/+ — 
pyrene 
From Sims and Overcash, 1983: + relative degree of effect on organism, - no 
effect, ? unknown effect. 
2 
Ratio of concentration m Daphnia pulex to concentration in water after 24 
hours (Southworth et al, 1978). 
Table II : Physical and chemical properties of the PA{Js studied 
PAH Molecular Water Vapour Log 
Weight Solubility Pressure Octanol/ 
(mg.L"^) (N.m~^ at Water 
Sorption 
Coefficient 
Naphthalene 
Phenanthrene 
Anthracene 
Pyrene 
Chryaene 
Benzo(a) 
pyrene 
128 
178 
178 
202 
228 
252 
31.7 
1.29 
0.073 
0.135 
0.002 
0.004 
20''c) 
6.56 
9.07x10"^ 
2.61x10"^ 
8.00x10"* 
8.40x10"^ 
6.67x10"^ 
Coefficient 
3.37 
4.46 
4.45 
5.32 
5.61 
6.04 
1300 
23000 
26000 
84000 
200000 
690000 
^From Sims and Overcash 1983 (1 Atm = 101 325 N.m"~) 
that urban areas are the principal source of PAHs emission and 
their concentration in air and soil have been found to 
decrease away from cities into rural areas (Jones ejt^  a 1 . , 
1989). Wild e^ aj.. , (1991), reported that about 40X of sewage 
sludge added to soil consists of PAHs. The PAHs may also be 
b iosynthes ized by microorganisms and plants (Borneff e_t_ a 1 . , 
1968; Mallet, 1972). However, unequivocal evidence for such 
biosynthesis is lacking. 
The background concentration of PAHs in the environment 
from the natural sources ranges from 0,01 to SSjig Kg in 
soil (Sims and Overcash, 1983), 0.01 to 0.1 yig L in ground 
water (Radding e_t. al . , 1976) and 1 to 10 |ig Kg in plants 
(Edwards, 1983). Certain industrial activites which involve 
pyrolysis of organic molecules result in substantial 
contribution of PAHs to the atmosphere and soil. The American 
Petroleum Institute reported that a majority of benzo(a)pyrene 
in the atmosphere is generated by thermal generating plants, 
coke production and open burning (Brown and Ueiss,1982). It 
has been reported that concentrations of 0.2 to 0.5mg kg of 
benzo(a)pyrene were found in untreated petroleum refinery 
waste water and that 0.5 tons of benzo(a)pyrene per year, on 
a world wide basis, reaches the environment through petroleum 
refinery waste (Brown and Weiss, 1982). The treatment of 
refinery waste water, however, results in the accumulation of 
PAHs including benzo(a)pyrene in the sludge. Analysis of 
refinery sludge revealed 0.7 to 1.7 mg kg of individual PAHs 
(PACE, 1981). The repeated input of this waste to soil may 
result in PAH accumulation in soil if appreciable degradation 
does not take place. There are reports that generally 
industrial activity has resulted in concentrations of 
benzo<a)pyrene as high as 1500 mg kg in sediments (Sims and 
Overcash, 1983) and 200 mg kg in soil near an oil refinery. 
(Shabad e^ aj.. , 1971). 
Most of the polycyclic aromatic hydrocarbons are toxic, 
carcinogenic and /or mutagenic and possess chemical properties 
that indicate they are persistent in the environment and tend 
to bioaccumulate. The relative toxicities and bioaccumulat ion 
potential are shown in Table 1. There is a general tendency 
for acute toxicity to occur with the low molecular weight and 
relatively water soluble PAHs such as naphthalene (Struble 
and Harmon, 1983; Darville and Wilhm, 1984), while subacute 
effects such as genotoxicity and carcinogenicity (Mortelmans 
et a 1. , 1986) and bioaccumu1 ation tends to occur with the high 
molecular weight and less soluble PAHs. The implications of 
low water solubility and high lipid solubility includes (a) 
the production of cytotoxins through efficient microsomal 
metabolism in cells and (b) long term storage in fat deposits 
leading to chronic exposure and bioaccumul at ion (Radding et, 
al. , 1976) . 
Bioaccumulation studies with fish and shell fish have 
shown that these organisms readily take up PAHs from an 
aqueous environment. Southworth et. a_l_ (1978) have reported 
that the degree of bioaccumulat ion in Daphn ia puI ex increased 
by a factor of 10 with each additional ring in the molecular 
structure. There are reports that the concentration of 
naphthalene was found to be about 100 times greater than in 
the surrounding water, while that of benzo(a)anthracene was 
10,000 times greater. Moreover Neff (1979) and Brown and Ueiss 
(1932) reported that a substantial proportion of PAHs taken up 
by aquatic organisms was metabolized or depurated when the 
organism was placed in clean water. 
The persistence and fate of a PAH in soil is the result 
of sorption, volatilization and biological and chemical 
degradation and processes which interact according to the 
physical and chemical properties of the compound. Because of 
their hydrophobic nature, the PAHs tend to be strongly 
adsorbed to the soil particles, especially to soil organic 
matter (Means ejt^  al . , 1980). 
SORPTION: Sorption to soil is substantial for all PAHs as a 
result of their hydrophobicity and limits the availability of 
PAHs for other reactions. It is thought to occur predominantly 
through non - site specific processes such as van der Uaal's 
forces (Lyman e_t^  a 1 . . 1982). Sorptiort coefficients have been 
determined for PAHs on a variety of matrices. Sorption 
coefficients have been highly correlated with the 
octanol/water coefficient of a.compound. The equation log K 
= '°gow ~ 0.317 has been suggested by Hassett e_t_ aj_ (1980) and 
K Q C = >og ^o» ~ 0.21 by Karickhoff ©t. aj. (1979) for PAHs. 
Volatilization : For most PAHs, volatilization occurs from 
the fraction that is sorbed i.e. from soil water (Sims and 
Overcash, 1983). However, in the case of naphthalene, 
volatilization may also occur from a solid state 
(sublimation). The rate of volatilization of chemicals from 
water bodies has been described by simple first order kinetics 
(Sims and Overcash, 1983). In soil, however, the process is 
complicated by sorption and diffusivity. As sorption of most 
PAHs is high, very little PAH is available on soil water for 
volatilization. In addition, the susceptibility of most PAHs 
to volatilization from the water phase, as indicated by their 
Henry's law constants (vapour pressure / density ) is low. 
Photochemical degradation ; Photochemical degradation 
involving singlet oxygen is the most important form of 
chemical degradation of PAHs in the environment. In water, the 
process is a linear function of light intensities as well as 
being oxygen and temperature dependent (Radding e_t_ al . , 1976) 
and exhibits first order kinetics (Mill," 1980) . Little is 
known about the photosensitivity of sorbed hydrophobic 
chemicals, however it is reported that sorption both enhances 
as well as inhibits the photochemical degradation of PAHs 
(Radding e_t. aj_'. 1976; Hansch, 1980 and Sims and Overcash, 
1983). 
B 
Microbial degradation 
Microorganisms possess a metabolic machinery of immense 
versatility, aiding the breakdown of 'a wide variety of natural 
products and xenobiotics. In the course of evolution and with 
rapid industrialization, microorganisms have been exposed to a 
wide variety of chemicaVs, thereby adapting to their presence 
by developing the necessary enzymes which aid in metabolizing 
such chemicals. However, biodegradation is not feasible if 
the compounds have structural features never ever found in 
natural compounds or if microorganisms have never encountered 
them during evolution (Harder, 1981). 
A comprehensive use of the term 'biodegradation' however, 
obscures other effects which are as much significant namely-
mineral izat ion, detoxication, coraetabolism, activation and 
defusing (Alexander, 1980). There are various types of 
microbial transformations which have been classified and their 
significance outlined from both physiological as well as 
ecological points of view (Bollag, 1979; Alexander, 1980). 
Laboratory based studies have mainly focussed on single 
organisms in the degradation of xenobiotics. However, studies 
show the involvement of microbial communities in the 
degradation of xenobiotics. This may lead to the exchange of 
genetic material among many different organisms in pursuit of 
novel biodegradative enzymes and/or pathways (Slater and 
Somerville, 1979j Harder, 1981). 
Metabolism of xenoblotlcs by microorganisms can be of two 
types :(a) the compound serves as sole source of carbon and 
energy. (b) the compound though metabolized , does not 
serve as source of nutrient - this is termed cometabo1ism. 
Cometabolism plays an important role in biodegradation 
(Horvath, 1972; Alexander, 1979). The transformation of a 
chemical by microorganisms while growing on another carbon-
source Indicates a lack of substrate specificity of some of 
the microbial transport mechanisms and enzymes. This often 
underlies cometabolism as is shown by the experiments of 
Dag 1ey and Patel (1957). The significance of cometabolism is 
largely unknown. It is difficult to obtain evidence for its 
operation in the environment, although It is easy to 
demonstrate its occurrence on paper and in-vitro. However, 
with the Involvement of cometabolism in biodegradatIon, It has 
been shown that for biodegradation to occur, it is not 
essential for the compound/chemical to serve as sources of 
carbon and energy. 
Principles involved in the metabolisv of aronatic hydrocarbons 
Aromatic hydrocarbons may be partly or completely 
metabolized by microorganisms. The metabolic pathways show an 
impressive economy with regard to types of reaction. Dagley 
(1975; 1978a,b) has described the basic strategies for aerobic 
metabolism and Evans (1977) for anaerobic metabolism. 
10 
Basically, five phases can be outlined In the metabolism: 
(a) Entry of the xenobiotic into the cell : This is often 
assumed to be by free diffusion. However, there are 
specific transport systems for simple compounds such as 
benzoate and mandelate (Cook and Fewson, 1972; Maoris, 
1975; Thayer and Wheel is, 1976K 
(b) Manipulations of side chains and formation of substrates 
for ring-cleavage. 
<c) Ring - cleavage. 
(d) Conversion of products of ring-cleavage into amphibolic 
intermediates. 
(e) Utilization of amphibolic intermediates. 
Microbial transformation of PAHs is well documented. Many 
excellent reviews on various aspects of PAHs metabolism have 
appeared (Chapman,1972; Dagley, 1975; Gibson, 1977; Fewson, 
1981; Hou, 1982; Cerniglia, 1984 ). 
Bacterial oxidation of PAHs involves a first step 
oxidation, converting the PAHs into cis-dIhydrodio1s. This is 
brought about by the incorporation of both atoms of molecular 
oxygen into the aromatic nucleus. This reaction is catalyzed 
by a multi-component enzyme system (Fig. 2 ) , the terminal 
oxygenase of which is an iron-sulfur protein (Axcell and 
Geary, 1975; Crutcher and Geary, 1979; Subramanlan et^  al . . 
11 
NAD^ 
Iron 
Gultur 
P r o l « l n 
( r « d u c « d ) 
Iron 
Sulfur 
Prot«ln 
(oxidized) 
Oloxyo«na8« 
tJj-Dlhydrodlol 
Fig. 2. Bacterial dioxygenase multicomponent 
enzyme system. 
From Cerniglia (190A) 
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1981; Ensley et. aX- • 1982; Ensley and Gibson, 1983). The cis-
dihydrodio1s are then rearomatized through a cis-dihydrodio1 
dehydrogenase to yield a dihydroxyIated derivative (Patel and 
Gibson, 1974). Further oKidation of cis-dIhydrodiol leads to 
the formation of catechol which is again oxidized either 
through the ortho pathway or the meta pathway. The ortho-
I 
pathway involves cleavage of the bond between carbon atoms of 
the two hydroxyl groups to yield cis, cis-muconic acid. The 
meta pathway involves cleavage of the bond between a carbon 
atom with a hydroxyl group and the adjacent carbon atom 
lacking a hydroxyl group. The ring-fission pathways have been 
reviewed by Dagley (1971) and Chapman (1972). Kelly et. aj_ 
(1993) have enunciated the possible modes of degradation of 
fluoranthene by a Mycobacterium species strain PYR - 1. 
Grund et^  aj_ (1992) have isolated a Rhodococcus species-
strain - B4 growing on naphthalene. This strain follows the 
gentisate pathway of metabolism in contrast to the catechol 
pathway followed by most PAH degraders. They have also 
reported for the first time two enzyme reactions which require 
unusual cofactors. The first is the enzyme oxidizing 1,2-
dihydroxynaphthalene which requires NADH.The other enzyme 
catalyzing the conversion of salicylate to gentisate requires 
ATP, CoA and NADPH as cofactors. This requirement is analogous 
to the requirements in the anaerobic degradation of aromatic 
acids (Evans and Fuchs, 1988; Zlegler e^. al.. 1989; 
13 
Al tenachmldt e_t. aA_- , 10Ql> which auggeata the involvement of a 
sal ley 1ate-CoA llgase. 
In contrast, the mammalian metabolism of PAHs is mediated 
by microsomal enzymes in tissues such as liver, lung, kidney, 
placenta, intestinal tract and skin (Fig. 3 ) . The maximum 
activity, however, is found in liver microsomal fractions. 
PAHs are 1ipoph11ic/hydrophobic compounds and are transformed 
into water-soluble metabolites which are easily excreted out 
(Gillette, 1967; Conney, 1967). 
The initial mono-oxygenatlon to form arene oxide Is the 
key step in the oxidation of these compounds (Jerina and Daly, 
197A) catalyzed by the action of cytochrome P-450 containing 
monooxygenase enzyme system. The arene oxide so formed, 
undergoes enzyme-catalyzed hydration by epoxide hydrolase to 
form trans-dihydrodio1s (Oesch, 1973). These can be further 
oxygenated via the cytochrome P-450 enzyme system to yield 
dihyrodiol epoxides (Sims and Grover, 1981). The detoxlcation 
leads to the formation of metabolites, many of which are 
e1ectrophi1ic and thus bind to nucleophlllc centres in 
proteins and nucleic acids. It Is these covalent linkages that 
are chiefly responsible for the initiation of malignant 
transformations. About 60 - 90% of all cancer cases in human 
beings are estimated to be caused with the chemicals 
containing PAHs and their metabolites (Miller et^  aj_. » 1988). 
The bacteria belonging to various genus have been 
14 
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sc 
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10 DMA. RNA 
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iJ-Sulfates 0-Glucuronides 
Fig^ Major pathways of mammalian metabolism 
of polycyclic aromatic hydrocarbons. 
From Cerniglia (1984) 
Vn 
Implicated in the blodegradatI on of PAHs (Table III). These 
bacteria are of ubiquitous occurrence in soils and marine 
sediments. Of all the bacteria known to degrade PAHs, 
Pseudomonads are considered to be the most versatile (Stanier 
e_t aj_. , 1966; Chakrabarty, 1976). 
Genetics of blodegradatlon 
The degradation of aromatic compounds by microorganisms 
is generally ptasmid encoded which is usually transmissible 
(Uilliams and Murray, 1974; Franklin et. aj.. . 1981 ). There is 
however, one report of the degradatlve genes being 
chromosomal 1 y encoded (Sinclair e_t_ ^X« » 1986). The 
characterization of degradative plasmids aids in the study of 
genetics of catabolism. Since, these plasmids are 
transferable, it is possible to assign the function of the 
genes. Gene cloning techniques and transposon mutagenesis are 
being used to manipulate and enhance the biodegradative 
activities of microorganisms.. 
The NAM plaamid. Involved in the degradation of 
naphthalene has been isolated and characterized in detail 
(Johnston and Gunsalus, 1977) . NAH specifies the early 
enzymes of naphthalene metabolism and probably those for later 
steps involving degradation of catechol by the meta pathway 
(Dunn and Gunsalus, 1973). Yen and Gunsalus (1982) have 
isolated a NAM 7 plaamid from Pseudomonas putida mt. 2. The 
16 
Table III. Bacteria capable of oxidizing PAHs 
Substrate/PAH Organ ism Reference 
1. Naphthalene Pseudomonas putlda 
Pseudomonas sp. 
(NCIB 9816) 
Pseudomonas fluorescens 
Paeudoraonaa putlda 
biotype b 
Jerina et, aj_ ( 1971 ) 
Jeffrey et. aj_ ( 1975) 
Catterall et. al. (1971) 
Jeffrey et. aj_ ( 1975) 
Jeffrey et. aj_ (1975) 
Jeffrey et. al ( 1975) 
Pseudomonas stutzeri 
new b I ovars 
Pseudomonas testosteroni 
new bIovars 
Garcia-Valdes e^ a_l_ 
( 1988) 
.Garcia-Val des et_ aj_ 
(1988) 
Isolate F199 
Alcaligenes denitrif leans 
Pseudomonas pauclmobilis 
EPA 505 
RhodoGoccus sp. strain B4 
Pseudomonas sp. strain 
JS-150 
2. Anthracene F1avobacterium 
Beljer i nek ia sp. 
Rhodococcus sp. strain 
No, UUl 
Alcaligenes denitrifleans 
UUl 
Pseudomonas pauclmobilis 
EPA 505 
Fredrickson ejt. ai_ 
(1991) 
Ueissenfels e.t. ai. (1991) 
Muel ler et. aj_ ( 1990) 
Grund et. al ( 1992) 
Halgler el al ( 1992) 
Col la el al (1959) 
Jerina el al ( 1976) 
Walter el al (1991) 
Ueissenfels el al (1991) 
Mueller et al (1990) 
17 
Substrate/PAH Organ Ism Reference 
3.Phenanthrene FIavobacterium 
Pseudomonaa putida 
Bei jer i nek ia sp. 
Mycobacterium sp. 
Pseudomonaa pauciinobi 1 is 
EPA 505 
Rhodococcus sp. UUl 
Alcallgenes denitrifleans 
UUl 
Alcallgenes denitr1fleans 
UUl 
Rhodococcus sp. UUl 
Pseudomonas pauclmobllis 
EPA 505 
A.Pyrene 
5.Chrysene 
6.Benzo(a) 
pyrene 
Mycobacterium sp. 
Pseudomonas pauclmobllis 
EPA 505 
Rhodococcus sp. UUl 
BelJerInckia sp. 
Col la e^ a_l_ ( 1S59) 
Jerina e.t. aj. ( 1976) 
Jerina et, a_L ( 1976) 
Kiyohara e^t al (1983) 
Heltkamp e^. a.i (1988) 
Mul ler et. al. < 1990) 
Ual ter e_t aJL ( 1991) 
Ueissenfels ejt^  a_l_ (1991) 
^Uelssenfels et. aj_ (1991) 
Ual ter et. aj. ( 1991) 
Muel ler et. al ( 1990) 
Heltkamp et. al (1988) 
Grosser e_t. §1 (1991) 
Mueller el §1 (1990) 
Ualter el al ( 1991) 
Gibson et al ( 1975) 
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genea for naphthalene catabollam are localized In two gene 
oluaters on this 83kb plaamid. The two operons code for the 
genes of an upper and lower pathway of degradation. The upper 
pathway encodes nah ABCDEF gene products responsible for the 
degradation of naphthalene to salicylate, while the lower 
pathway encodes nah GHILNJK gene products which convert 
salicylate to acetaldehyde and pyruvate. Schell, 1985; Yen and 
Gunsalus, 1985; Schell and Wender, 1986 have reported the nah 
R gene that codes for a regulatory Nah R protein for this 
operon. The upper pathway promoter Pnah and the lower pathway 
promoter Psal have a site at approximately -70 base pairs that 
is recognized by the Nah R protein. Transcription is activated 
when Nah R protein binds to this site only in the presence of 
salicylate (You e^ aj_. , 1988; Schell and Poser, 1989). Uhen 
naphthalene is present, lower constitutive levels of the upper 
pathway enzymes generate salicylate at which time full 
Induction can occur. The actual mechanism of induction is 
however not completely understood. Yen and Serdar (1988) have 
excellently reviewed the NAH 7 plasmld. 
Distribution of plasmld DNA among heterotrophic bacteria 
has been considered to be an indication of the effect of oil 
pollution. A high incidence of plasmld DNA Is found in 
heterotrophic bacteria in heavily hydrocarbon contaminated 
environments such as offshore oil fields (Hada and Slzemore, 
1981), riverine sediment polluted by coking plant discharges 
(Burton e_t aj.. , 1982; Day e_t aj.-, 1988) and groundwater 
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contaminated by aromatic hydrocarbons (Ogunseltan e^ a 1., 
1987). It has been reported that 'threshold' concentrations of 
chemicals are required to effect changes in plasmid Incidence 
(Uickham and Atlas, 1988). A recent study conducted to study 
the distribution of plasmid DNA in heterotrophic bacteria in 
the sediments of the Campeche bank, Gulf of Mexico, showed 
that plasmid DNA incidence increased with Increasing depth of 
sampling site or the water column (Leahy et. aj_'» 1990) rather 
than the Increase due to 'stressed' environments as Is usually 
the case <Koborl s^. a_L' » 1984; Hermansson e_t. §_]_•> 1987; 
Frederickson et_ a_l_' i 1988) A systematic study has to be done 
in order to explain the greater incidence of plasmid DNA among 
heterotrophic bacteria in deep-water sediments. 
Factors influencing biodegradation 
The environmental fate of PAHs depends upon a number of 
extrinsic and intrinsic factors which determine the rate and 
extent of their transformation and mineralization. These 
factors include the physico-chemical properties of PAHs such 
as their structure, molecular size, nutrient status, water 
solubility, 1ipophl1iclty, volatility, concentration and the 
presence of subst1tuents. Various environmental factors 
involved are the soil structure, pH, temperature, oxygen 
availability, salinity, light intensity, bioavailability. 
Inorganic nutrients, water activity of soil etc. The 
Indigenous microflora or the microbial ecology is also an 
:o 
Important factor to be taken Into conaIderat1 on for aucceasful 
blodegradation. 
The soil structure or make up, influences the microbial 
ecology and consequently the biodegradat1 on. Very little is 
known about the soil and its subsurface environment. The 
conditions prevailing in the subsurface habitat such as 
nutrient availability, soil composition, the pore/grain size 
of soil particles and its permeability are factors which 
influence the population of the microflora and its activities. 
Soil profiles differ in thickness, chemical composition, 
aeration, colour, texture and water content. Consequently, 
different soils support microbial communities differing in 
size and communities (Alexander, 1977). Most subsurface 
environments with the exception of clay and rock formations 
provide sufficient permeability for microorganisms to survive 
(McNabb and Dunlap, 1975). Moreover, soil porosity is required 
for water and air mobility. High water mobility correlates to 
an increased supply of organic compound and therefore a high 
number of microorganisms. Sandy soils, which are more porous 
have more microorganisms than soil containing high percentage 
of clay and silt. 
Microbial metabolism requires oxygen and carbon dioxide. 
Air moves into pores which are not occupied by water. Thus, 
pore size has a substantial Influence on the redox potential 
and thereby on the physiological condltlona of a habitat 
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(Alexander, 1977). However, if water content in soil is 
increased greatly, it leads to reduction in pore space 
available for migration of gases as well as restricts oxygen 
diffusion rates. 
Soils are vertically stratified and there are fundamental 
differences between the depth horizons. The top soil is the 
site of entry of organic compounds, oxygen and water. The 
subsoil is oxygen deficient and has a significant 
concentration of recalcitrant humic material. Consequently, 
different strategies have to be adopted for the clean up of 
different zones In a soil profile. 
The microbial ecology in soils have been extensively 
studied and reviewed (Alexander, 1977; Lynch, 1983; Foth, 
198A). Microbial diversity and morphology varies with soil 
types (Balkwill, 1989) and diversity correlates with 
population density (Sinclair and Ghiorse, 1989). All groups of 
microorganiros are common in soil. It is however, bacteria and 
fungi that make major contributions to mineralization. 
Bacteria are more numerous, a typical soil may contain 10 to 
g 
10 cells per gram soil (Alexander, 1977; Uilliams, 1985). 
However, only a fraction of this population is metabo1icaI Iy 
active at any given time. Factors such as temperature, pH, 
water activity, oxygen concentration and soil structure limit 
microbial activity and numbers. 
Soli with a high clay content shows lowest cell count 
while soil with a higher proportion of sand shows high cell 
number (Balkwill, 1989) suggesting, that the sandy soil 
best supports microbial life. The subsurface regions are 
usually dominated by aerobes. However, anaerobes also survive 
in anaerobic microenvironments present in the subsurface. The 
microorganisms are also well adapted to the oligotrophlc 
conditions prevalent in the subsurface. 
The input of oil or petroleum or hydrocarbons, limits 
plant growth and animal activity. In response to hydrocarbon 
contamination, there Is usually a rapid increase in the size 
of hydrocarbon-metabolizing community as also an increase In 
the nonhydrocarbon-uti1Izing population (Dibble and Bartha, 
1979; Pfaender and Buckley 1984; Lode, 1986). Hydrocarbon 
contamination usually has little effect on soil microflora 
unless large spills are involved. The microflora generally 
responds to such contamination and aids in recovery of 
environment though the time scale may be long. The aim of 
blotreatment/bloremedlatI on technologies is to reduce the 
length of this time period. 
The biodegradabi1ity of PAHs is basically related to 
their structure which is characterized by a large negative 
resonance energy resulting in thermodynamic stability and 
their low water solubilities (Klevens, 1950). Recalcitrance of 
PAIIa inu f tiatitia with Increase in molecular weight or in the 
number of fused benzene rings. Studies have shown that 
biodegradation rates decrease with increase in the number of 
benzene rings (Heitkamp and Cerniglia, 1987). Thus many 
microorganisms have been known to readily degrade low 
molecular weight PAHs, while biodegradation of high molecular 
weight PAHs is less understood (Gibson, 1984; Cerniglia, 
1984). Several studies have however, demonstrated the 
degradation of some 4-ring PAHs (Heitkamp e_t. aj_. , 1988; 
Mahaffey e^ aj_. , 1988; Bumpus, 1989; Mueller et. al-, 1990). 
Other important factors influencing the process of 
biodegradation are temperature and pH of the soil. Rates of 
biodegradation generally decrease with decreasing temperature, 
probably due to decreased rates of enzymatic activity or the 
'QlO effect (Atlas and Bartha, 1972; Gibbs et. aj_. , 1975). Low 
temperatures during winters is the primary limitng factor in 
PAH biodegradation in estuarine sediments (Shiaris, 1989). A 
temperature of 30°C has been reported to be optimal for 
microbial growth and PAH degradation (Strandberg e^ a 1., 1986; 
Ueissenfels e_t^  aj_. i 1990 and Walter et_ aj_. , 1991). Similarly, 
most heterotrophic bacteria favour a pH near neutral. Extremes 
in pH tends to have a negative influence on the ability of 
microorganisms to degrade PAHs. A pH of 7.0 has been shown to 
be optimal for biodegradation (Strandberg e^ aj_. , 1986; 
Ueissenfels et. aj.. . 1990; Walter e_t^  SLL-, 1991). 
Bioavailability of PAHs tri mlcrooifganisras is also crucial 
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for effective biodegradation to occur. PAHs in soil is 
frequently adsorbed onto soil particles, organic constituents 
and sediments (Means et a I. , 1982j Dzombak and Luthy, 1984). 
Consequently, it is not available to microorganisms for 
mineralization and thus accumulates. Manilal and Alexander 
(1991) have shown that PAH biodegradation is slowed down due 
to their sorption to organic matter. It has been reported that 
phenanthrene was sorbed to soil constituents and the extent of 
sorption was found to be directly proportional to the 
percentage of organic matter in the soil. The rate of 
mineralization was therefore estimated to be highest in soils 
with low percentage of organic matter as compared to soils 
with high organic matter. Moreover, Guerin and Boyd (1992) 
have demonstrated the organism specific bioavailability of the 
sorbed substrates. The bioavailability of PAHs can also be 
enhanced by applying surfactants (Viney and Bewly, 1990; 
Salameh and Kabrick, 1992). Tween 80, a non-ionic detergent 
has been used to enhance the aqueous solubility of 
fluoranthene and thus its bioavailability (Mueller e_t. a 1 . , 
1990). Guerin and Jones (1988) have also shown a similar 
method to increase the bioavailability of phenanthrene. Care 
should, however, be taken, to ensure that the surfactant used 
should not be inhibitory or toxic and should not serve as 
source of carbon and energy. 
The soil salinity is also an important factor in 
biodegradation. Shiaris (1989) has reported a positive 
correlation between salinity and naphthalene and phenanthrene 
mineralization. Salinity may affect PAH soil particle 
interactions wherein solubilities of naphthalene, phenanthrene 
and taenzo(a)pyrene decreased with increase in salinity. 
Moreover, in hypersaline environment, the biodegradation rates 
also decreased, mainly due to low microbial metabolic rates 
(Ward and Brock, 1978). 
Recently, Volkering e^ aj_. , 1992 investigated that the 
kinetics of PAH degradation in relation to the solubilization 
rate of PAH. It has been suggested that the growth rate 
decreases with a decrease in the solubility of substrates. The 
order of solubilization being naphthalene > phenanthrene > 
anthracene. Dissolution of PAHs in fact depends upon the 
surface area of the particles. Therefore, growth rates 
increase with decreasing diameter of substrate particles. The 
rate at which substrates dissolve or emulsify and become 
available for microbial degradation thus plays an important 
role in soil bio-remediation techniques. 
The metabolism of PAHs by soil bacteria is also 
influenced by certain inorganic nutrients. For instance, the 
concentration of nitrogen and phosphorous limits the microbial 
growth and biodegradation of PAHs. Manilal and Alexander 
(1991) and El-Nawawy e_t^  al . , (1992) have reported increased 
rates of phenanthrene mineralization in soil amended with 
phosphate while It was found to decrease with the addition of 
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nItrate. 
PAH oxidation in soil typically requires oxygen (Bauer 
and Capone, 1985). Oxygen availability depends on the rate of 
microbial oxygen consumption, the type of soil, whether soil 
is water-logged and the presence of utilizable substrates 
which leads to oxygen depletion (Bossert and Bartha, 1984). 
Oxygen concentration is a rate-1imiting variable in 
b lodegradl ton of petroleum in soil (von Uedel e_t. al . , 1988). 
Manilal and Alexander (1991) have demonstrated the rapid 
mineralization of phenanthrene in soil which was well aerated. 
Some PAHs are metabolized under denitrifying conditions 
(Mihelcic and Luthy, 1988). Moreover, hydrocarbon 
biodegradation in terrestrial ecosystems is severely limited 
by available water for microbial growth and metabolism. Dibble 
and Bartha (1979) have reported that 30-90?( water saturation 
is optimal for biodegradation of oil sludge. At lower values 
however, there was no inhibition of biodegradation, probably 
due to hydrocarbon-mediated reductiorl in the water holding 
capaci ty of soil. 
Prior exposure of microbial communities to hydrocarbons 
is important in determining how rapidly subsequent hydrcarbon 
inputs can be degraded. This phenomenon is termed adaptation 
which may occur by any of the following mechanisms : 
(i) induction and/or repression of specific enzymes. 
(ii) genetic changes resulting in new metabolic capabilities. 
27 
(lii) selsctlve enrichment of organisms capable of trans-
forming the compound of interest. (Spain e_t^ aJ_> f 1980; 
Spain and van Veld 1983). 
"Cross-acclimation" wherein the microbial community is 
acclimatised with one compound such as phenanthrene and its 
degradative ability is studied on another compound of similar 
structure such as naphthalene. Bauer and Capone (1988) and 
Kerr and Capone (1988) have provided necessary evidence. 
Shiaris (1989) has reported an increase in transformation 
rates of naphthalene, phenanthrene and benzo(a)pyrene with 
increasing ambient concentrations of PAHs - probably represen-
ting another example of cross-acclimation. 
Specific inducers of genetic operons can also be used to 
enhance degradation of toxic compounds (Olson and Goldstein, 
I 
1988) thereby improving bioremediation processes. Salicylate 
is one such inducer of both the upper and lower operons 
carried on NAH 7 plasmid for the degradation of naphthalene 
and salicylate respectively (Schell, 1985). Ogunseitan et. a_l_ 
(1991) have studied the effect of salicylate as an inducer of 
genetic expression, on the maintenance of degradative 
phenotypes and genotypes in a soil bacterial community. The 
addition of salicylate at 160 >ig gm led to an increase in 
bacterial density and its maintenance. It also maintains an 
active degradative phenotype. 
A number of physico-chemical methods for decontamination 
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of hydrocarbon-contaminated soil have been reported (Table 
IV). Moreover, the contaminated soil can also be cleaned by i n 
situ bioremediation processes. For instance, seeding of 
a I 1ochthonous microorganisms into the natural environment to 
increase the rate or extent or both of biodegradation of 
pollutants. For successful seeding, the criteria to be met, 
is the ability to degrade most petroleum components, genetic 
stability, viability during storage, rapid growth following 
storage, a high degree of enzymatic activity and growth In the 
environmont, the ability to compete with indigenous 
microorganisms, nonpathogenicity and inability to produce 
toxic metabolities (Atlas, 1977). Such an approach has been 
successful for many contaminants including chlorinated 
aromatics (Morgan and Watkinson, 1989b), for p-nitrophenoI 
(Zaidi et, a\_. , 1988) and benzoate (Subba-Rao et. aj_. , 1982). 
Mixed cultures have mostly been used in seeding 
operations. Microbial strains which have been isolated can be 
genetically manipulated to increase their biodegrading 
capacity. Considerable controversy however surrounds the 
release of genetically engineered microorganisms (GEMs) into 
the environment. Therefore, field testing of these organisms 
must be delayed until issues of safety, containment and the 
potential for ecological damage are resolved (Sussman Bt_ al . , 
1988). 
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Table IV : Physico-cheiical lethods for decontaiinatlon of hydrocarbon-contaiinated soil 
ttethodology Principles Variation of 
technique 
Couents 
(i) Thermal Evaporation and/or Rotating tube furnace, 
destruction of hydro- fluidized bed furnace, 
carbons incinerators 
(ii) Extraction Reaoval of hydrocarbon Percolation towers; 
into solution scrubbing tovers; 
fluidized beds. 
liii) Steaa 
stripping 
Reooval of volatiles Rotating druns; 
liv) Hot-air Reaoval of volatiles 
stripping 
tv) Cheaical Alteration of 
oxidation pollutant to ease 
reaoval 
Ivil Ground 
vater 
control 
PuDping of aquifer 
to prevent flow 
Ivii) Flooding Raising hydrocarbons 
to surface on top of 
water table 
in situ. 
Rotating druos; 
in situ. 
In situ; reaction 
chaibers 
Puaping vith/without 
physical containaent; 
direct reaoval of 
coapounds on water. 
Excavation needed;top-soils only; 
off-gases Bust be treated; 
expensive. 
Excavation n8eded;top-solls only; 
extract aust be disposed of; 
efficiency unknown; hydrocarbons 
•ay be bound to soils; very 
expensive; little data. 
Volatiles only; potential for 
sub-soils; little data. 
Volatiles only; potential for 
sub-soils; little data. 
Ho inforaation for hydrocarbons 
Prevents aigration of hydro-
carbons; no reaoval of coapounds 
in unsaturated zone; efficient; 
useful to prevent pollution 
spread during biotreataent; 
widely used. 
Risk of spreading pollution; 
inefficient. 
(viii) Adsorption Groundwater puaped 
through activated 
coluan 
Expensive; waste requires 
disposal; efficiency unknown. 
(ixl Detergent Excavated soil or 
extraction in situ soil is flushed 
with surfactant 
Efficiency unknown; expensive 
(xHaaobilization Binding hydrocarbons Cheaical binding; 
in situ soil solidification 
Expensive; not widely tested; 
does not reaove pollutants 
ttorgan and Vatkinson, 1989a. 
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The presence of indigsnous microbial populations which 
are highly adapted to the environment would negatively 
influence the ability of seed microbes to compete successfully 
and survive. This is a major factor to be considered in the 
use of seed microbes to successfully enhance biodegradation in 
soil (Atlas, 1977; Bossert and Bartha, 1984). 
Inoculum size of the seed microbes is a major factor 
affecting biodegradation rates. If it is too low, the bacteria 
may not multiply enough to bring about extensive bio-
degradation, since other indigenous microorganisms compete for 
the limited source of nutrients. Ramadan e_t^  aj_ (1990) have 
reported that at high cell densities, p-nitrophenol (PNP) was 
degraded at high rates, while at low cell densities, PNP was 
not degraded. On the contrary, an increase in the inoculum 
size or the concentration of cells did not have any effect on 
pyrene mineralization and only detect a very slight increase 
in degradation rates (Heitkamp and Cerniglia, 1989; Grosser e_t^  
al., 1991). 
Thus on the basis of the available literature, it has 
been surmised that the fate of PAHs in the environment is not 
very well defined. It is important, since PAHs have been 
reported to be toxic, mutagenic and/or carcinogenic in nature 
and may a 1 so bioaccumu1 ate or persist in the environment. 
Though the technology for purification of water and air is 
available, there is no effective technology available for the 
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purification of soil. Much of the research efforts have been 
dlrectod towards the monitoring of environmental pollutants 
and their toxico1ogica1 characteristics. However, there have 
been limited attempts to study the fate of xenobiotics and to 
deliberately enhance the degradation capabilities of 
microorganisms. The literature to the best of our knowledge 
indicated that no concerted effort has been made so far in 
this country, to assess the persistence and rate of 
biodegradation of PAHs released from oil refineries. A 
comprehensive and systematic work has therefore been planned 
in order to study the microbial ecology, persistence of PAHs 
and their fate in soil. This study may provide valuable 
information in developing appropriate technology for disposal 
of these wastes in land as well as in constructing appropriate 
strains to enhance biodegradation and the ultimate removal of 
recalcitrant Kenobiotics from the environment. 
GENERAL MATERIALS AND METHODS 
MATERIALS 
Chemicals used for the present study were obtained from 
the sources indicated against their names. Glass distilled 
water was used in all the experiments. 
CHEMICALS SOURCES 
Acetone Qualigens, India. 
Acetic acid Qualigens, India. 
Acetonitrile (HPLC Grade) S.D. Fine Chemicals, India. 
Actinomycete3 isolation Hi-Media, India. 
agar 
Agar-agar Hi-Media, India. 
Agarose SRL, India. 
Ammonium sulphate CDH, India. 
Ampicillin Ranbaxy, India. 
Anthracene Sigma, U.S.A. 
Antibiotic discs Hi-Media, India. 
(18 nos. - listed below) 
Ampicillin (10|ig/disc) 
Carbenici I 1 in (lOOiig/disc) 
Chloramphenicol IlOjag/disc) 
Cloxacillin (Sjig/disc) 
Erythromycin (15>ig/disc) 
Gentamicin (lOjig/disc) 
Kanamycin (30jjg/disc) 
Nalidixic acid (30jjg/disc) 
Neomycin {30>4g/disc) 
Novobiocin (30)ig/disc) 
Penicillin G (10 units/disc) 
Polymyxin B ( 300>ig/d isc ) 
Rifampicin (Biig/disc) 
Streptomycin (lOjag/disc) 
Sul phamethizol e ( 300jig/d isc ) 
Tetracycline (SOjjg/disc) 
Tobramycin (lOpg/disG) 
Trimethoprim (lO^jg/disc) 
Barium chloride 
Ben2o(a)pyrene 
Calcium chloride 
Ce I Iulose 
Chiorofarm 
Chrysene 
Creatine 
Dimethyl Sulphoxide 
Ethidium bromide 
Per r i c ch1 or ide 
Gelatin 
G1ucose 
Hexane (HPLC Grade) 
Hydrochloric acid 
Hydrogen peroxide 
I -J ujiiiiy I a I cuhu I 
Qualigens, India. 
Sigma, U.S.A. 
Qualigens, India. 
CDH, India. 
Qualigens, India. 
Sigma, U.S.A. 
BDH, England. 
S.D. Fine Chemicals, India. 
Hi-Media, India. 
S.D. Fine Chemicals, India. 
CDH, India. 
S.D, Fine Chemicals, India. 
Qualigens, India. 
S.D. Fine Chemicals, India. 
S.D. Fine Chemicals, India. 
S.D. Fine Chemicals, India. 
3''} 
Kovac's reagent strips 
Lactose 
MacConkey's broth 
Magnesium Sulphate 
Mercuric chloride 
Methyl red 
Nalidixic acid 
Naphthalene 
a-naphtho1 
<x-naphthy I amine 
Nutrient agar 
Nutrient broth 
Oxidase strips 
Peptone 
Phenanthrene 
Phenol 
Pheno1phthaIein 
Phenol red 
Potassium dihydrogen 
orthophosphate 
Potassium hydroxide 
Potassium nitrate 
Pyrene 
Rose Bengal 
Sodium carbonate 
Sodium chloride 
Sodium hexameta phosphate 
Hi-Media, India. 
Qualigens, 1ndia. 
Hi-Media, India. 
S.D. Fine Chemicals, India. 
Qualigens, Ind ia. 
BDH, India. 
Ranbaxy, India. 
S igma, U.S.A. 
CDH, India. 
CDH, India. 
Hi-Media, India. 
Hi-Media, India. 
Hi-Media, India. 
Hi-Media, India. 
S igma, U.S.A. 
Qualigens, India. 
CDH, India. 
BDH, England. 
S.D. Fine Chemicals, India. 
CDH, India. 
Qualigens, India. 
S i gma, U.S.A. 
Hi-Media, India. 
Qua,] igens, I nd ia. 
S.D. Fine Chemicals, India(. 
CDH, India. 
Sodium hydroxide 
Sodium lauryl sulphate 
Sodium sulphate 
Starch 
Sucrose 
SulfaniIic acid 
Su1phur ic acid 
Toluene <HPLC Grade) 
TS I agar 
Urea 
Yeast extract 
Yeast mannitol agar 
Zinc dust 
Qua Iigens, Ind ia. 
BDH, India. 
S.D. Fine Chemicals, India. 
BDH, India. 
Quali gens, Ind ia. 
Hi-Media, India. 
BDH, India. 
S.D. Fine Chemicals, India. 
H i-Med ia, Ind ia. 
CDH, India. 
H i-Med ia, Ind ia. 
Hi-Media, India. 
Loba-chemie, India. 
All other chemicals/reagents used were of analytical 
grade. 
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HEDIA 
Media for PAn-do({rad ing strains : The composition of the 
minimal salt medium used in isolation of PAH-degradlng 
bacteria is as under: 
(per 1itre) 
Ig 
Ig 
2. Ig 
0.3g 
0. Ig 
0.02g 
0.04g 
O.OOAg 
7.4 ± 0.2 
Ammonium sulphate 
Dipotassium hydrogen orthophosphate 
Disodium hydrogen orthophosphate 
Magnesium sulphate 
Calcium chloride 
Ferric chloride 
Copper sulphate 
Sodium molybdate 
pH 
For preparation of solid media, 1.5X (w/v) agar-agar was 
supplemented to the above medium. 
Nutrient broth and Nutrient agar : Nutrient broth was of the 
following composition : 
(per 1i tre) 
Peptone lOg 
(Hi-Media) 
Yeast extract 3g 
(Hl-Media) 
Sodium chloride 
pH 
5g 
7.4 ± 0.2 
Nutrient agar was prepared by supplementing nutrient 
broth with 1.5* (w/v) agar-agar. 
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Peptone-glucoso acid agar : (For enumerating fungi) 
(per litre) 
Glucose lOg 
Peptone 5g 
Potassium dihiydrogen or thophosphate Ig 
Magnesium sulphate 0.5g 
Agar-agar 15g 
The medium was autoclaved at 12 lb. for 15 minutes. It 
was then cooled to about AS^C and 1 ml of 0.5N sulphuric acid 
was added for each 100ml of medium. 
Collulosa agar ; (For enumerating cellulolytic bacteria) 
(per 1i tre) 
CelIulose 12g 
Sodium nitrate ' 0.5g 
Dipotassium hydrogen phosphate Ig 
Magnesium sulphate 0.5g 
Ferrous sulphate O.Olg 
Agar-agar 15g 
Gelatin agar : (For enumerating proteolytic bacteria) 
(per 1i tre) 
Peptone 5g 
Beef extract 3g 
Gelatin 30g 
Agar-agar 15g 
3B 
Yeast mannitol agar : (For enumerating rhizobium) 
< per 1i tre) 
Mannitol lOg 
Dipotassium hydrogen phosphate 0.5g 
Magnesium sulphate 0.2g 
Yeast extract Ig 
Sodium chloride O.lg 
Agar-agar 20g 
Congo red 0.025g 
pH . 6.8 ± 0.2 
MacConkey's broth : (For MPN coliform count) 
(per 1i tre) 
Peptone 20g 
Lactose lOg 
BiIe salts 5g 
Sodium chloride 5g 
Neutral red 0.075g 
pH 7.4 ± 0.2 
Aotinomycetes isolation agar : (For enumerating actInomycetes) 
(per 1itre) 
Sodium caseinate 2g 
Asparagine O.lg 
Sodium propionate 4g 
Dipotassium hydrogen phosphate 0.5g 
Magnesium sulphate O.lg 
Ferrous sulphate 
Agar-agar 
pH 
O.OOlg 
15g 
8.1 ± 0.2 
5 ml glycerol was added to 1000 ml medium and then 
autocIaved. 
Media and reagents used in bacterial identification tests: 
The following media and reagents were used for various 
biochemical tests in the identification of PAH degrading 
taacter ia. 
Gram stain : For Gram stain the following stains were used: 
Crystal violet 
Solution A 
Crystal violet 2g 
Ethyl alcohol (95X) 20ml 
Solution B 
Ammonium oxalate 0.8g 
Distilled water 60ml 
Solutions A and B were then mixed. 
Gram* s iodine 
Iod ine Ig 
Potassium iodide 2g 
Distilled water 300ml 
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Ethyl alcohol (95») 
Ethyl alcohol 
Distil Ied water 
95ral 
5inl 
Safranin 
Safranin 0 
Ethyl alcohol (95%) 
2.5g 
100ml 
Diluted 10 times before use with distilled water, 
Nitrate broth : (For detection of reduction of nitrates to 
nitrites or beyond the nitrite stage) 
(per litre) 
Peptone 5g 
Beef extract 3g 
Potassium nitrate 5g 
pH 7.2 
Nitrate test solutions : (used for detection of nitrites) 
Solution A : Sulfanilic acid 
Sulfanilic acid 8g 
Acetic acid, 5 N - 1 part 
glacial acetic acid to 
2.5 parts distilled water 
Solution B : Alpha naphthy1 amine 
Alpha naphthy1 amine 
Acetic acid, 5N 
1000 ml 
5.0g 
1000 ml 
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Nutrient gelatin s 
Peptone 
Beef extract 
Ge i at i n 
pH 
(For hydrolytic activity of gelatinase) 
(per 1i tre) 
5g 
3g 
120g 
6.8 
Phenol red dextrose broth 
Peptone 
Dex trose 
Sod i urn chI or ide 
Phenol red 
pH 
(For dextrose fermentation) 
(per litre) 
2g 
lOg 
5g 
o.oieg 
7.3 
The medium was autoclaved at 12 lb. for 15 minutes. 
Phenol red lactose broth 
Peptone 
Lactose 
Sod X um chI or ide 
Phenol red 
pH 
(For lactose fermentation) 
(per 1itre) 
2g 
lOg 
5g 
0.018g 
7.3 
The medium was a v j t o c l a v e d a t 12 l b . f o r 15 m i n u t e s , 
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Phenol red sucrose broth : 
Peptone 
Sucrose 
Sod i um Chloride 
Phenol red 
pH 
(For sucrose fermentation) 
(per 1i tre) 
2g 
lOg 
5g 
0.018g 
7.3 
The medium was autoclsved at 12 lb. for 15 minutes. 
Simmons Citrate agar : 
Ammonium dihydrogen phosphate 
Dipotassium hydrogen orthophosphate 
Sodium chloride 
Sod ium citrate 
Magnesium sulphate 
Agar-agar 
Bromothymol blue 
pH 
Starch Agar : 
Peptone 
Beef extract 
Starch (soluble) 
Agar-agar 
pH 
(per 1i tre) 
Ig 
Ig 
5g 
2g 
0.2g 
15g 
O.OSg 
6. 9 
(per 1i tre) 
5g 
3g 
2g 
15g 
7.0 
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Triple sugar-iron agar 
Beef extract 
Yeast extract 
Peptone 
Proteose peptone 
Lactose 
Sucrose 
Dextrose 
Ferrous sulphate 
Sod ium ch1 or ide 
Sodium thiosulphate 
Phenol red 
Agar-agar 
pH 
(per litre) 
3g 
3g 
15g 
5g 
lOg 
lOg 
Ig 
0.2g 
5g 
0.3 
0.024g 
12g 
7.4 
Urea broth 
Yeast extract 
Potassium dihydrogen orthophosphate 
Disodium hydrogen phosphate 
Urea 
Phenol red 
pH 
(per 1i tre) 
0. Ig 
9. Ig 
9.5g 
20g 
O.Olg 
6.8 
Indole production : Kovac's reagent strips (Hi-Media) were 
used for the detection of indole production. 
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M e t h y l r o d t o s t : 
MQ thiy 1 r e d 
Ethyl alcohol (95%) 
Distil 1ed water 
O. Ig 
300.0ml 
200.0 ml 
Methyl red was dissolved in 95X ethyl alcohol and diluted 
to 500 ml with distilled water. 
Voges-Proskauer tost : 
Solution A 
A 1pha-naphtho 1 5g 
Ethyl alcohol (absolute) 95.0ml 
Solution B 
Potassium hydroxide 
Great i ne 
Distil Ied water 
40 g 
0.3g 
100.Oral 
Potassium hydroxide was dissolved in 75 ml of distilled 
water followed by the addition of creatine and the final 
volume was made upto 100ml. The solution was stored at ^°C. 
Hydrogen peroxide : 3% (v/v) hydrogen peroxide in distilled 
water was used to detect catalase activity. 
Oxidase strips : Oxidase strips (Hi-Media) were used to detect 
the oxidase activity. 
I^D 
BUFFERS 
MgS04.7H20 Solution (O.OIM) : For all dilutions except 
otherwise stated, 0.01 M MgS04 solution, pH 7.4 was used. 
SDS-lysIng solution : 
(per 1i tre) 
0.1 M Tris 12.14g 
3% SDS 30g 
pH 12.5 
0.5 M NaOH was used to adjust pH to 12.5. 
TAE buffer (lOx) : 
(per 1itre) 
Tris 48.5g 
EDTA 3.5g 
Acetic acid glacial 11.4ml 
The buffer was diluted 10 times before use. 
Dispersing agent ; (For mechanical analysis of soil) 
(per 1itre) 
Sodium carbonate 7g 
Sodium hexameta phosphate 33g 
(ca1gon) 
^6 
METHODS 
Soil sampling : The soil samples were collected at eight 
different locations from agricultural fields in vicinity of 
Mathura Oil Refinery. These fields are receiving the waste 
water/sludge from the refinery for land farming/crop 
cultivation. The sites are represented on the map (Fig. 4) of 
Mathura. 
The soil samples were collected periodically at different 
depths ranging from 0-6", 6"-12" and iZ'-ZA* respectively. 
Before sampling, all the litter and plant material were 
removed from the soil surface. A pit two feet in depth was dug 
and samples were collected at the depths mentioned. Care was 
taken not to mix the soil of different horizons. Four such 
samples were taken from each depth at individual sites and 
mixed thoroughly to give a composite sample representing the 
teat region. Out of this, an aliquot of 1-2 kg. was collected 
In pre-labelled polythene bags. The samples were placed on 
ice and transported to the laboratory and stored at A^C for 
subsequent analysis. 
Mechanical analysis of soil : 
Mechanical analysis of the soil samples was carried out 
in the Soil Mechanics Laboratory of Prof. M.Haroon, Department 
of Civil Engineering, A.M.U., Aligarh. The grain size analysis 
of soil has been carried out by the sieving and sedimentation 
analysis (Prakash and Jain, 1984; Punmia, 1987). Oven-dried 
samples of soil were sieved through a series at sieves placed 
Fig. 4. Tabsi1 map of 
sampling si tes. 
Mathura showing the 
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one over the other, the largest aperture sieve being placed at 
the top while the smallest aperture sieve at the bottom. The 
sieve sizes used, designated by the size of apertures were 
5.6mra, 2.8nim, 2.36tnm, 1mm, 600>j, 425n, 300)a, 212>i, t50>i and 
75>a. Soil was placed on the 5.6mm sieve in the assembly 
fitted onto a sieve shaking machine and shaken for 10 minutes. 
The proportion of soil retained on each sieve was weighed and 
the percentage retained out of the total weight of soil taken 
was ca1cu1ated. 
The fraction of soil samples (50 g) passing through 75>i 
sieve was used for sedimentation analysis by the hydrometer 
method. 
Calibration of hydrometer : 
In hydrometer analysis, the mass of dry soil taken (Uj) 
is computed by directly reading the density of soil suspension 
at the effective height for hydrometer (He) at various time 
intervals. It is therefore necessary to calibrate the 
hydrometer and sedimentation Jar to correlate He and the 
density readings of the hydrometer. 
The reading on the hydrometer gives the density of the 
soil suspension situated at the centre of the bulb at any 
given time. For convenience, the hydrometer readings were 
recorded after subtracting 1 and multiplying the remainder by 
100. Such a reduced hydrometer reading is designated as Rh'" 
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Effective height (He) of hydrometer Is given by : 
He = H + 1/2 (h-V^/A) 
Where, H = Height in cm, between hydrometer reading R^« 
and the neck, 
h = Height of the bulb, constant 
A = Area of sedimentation cylinder 
Vj^ = Volume of hydrometer 
Correction to hydromotor reading ; The hydrometer is 
generally calibrated at 27°C, The corrected hydrometer reading 
R, is given by, ' 
R = Rf,. ± C 
Where C is the composite correction. In this study C=2. 
Calculation of M, D and N ; 
The value of factor M is calculated from : 
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M 
Gs -1 
Where, h = Viscosity of water/liquid (g.sec/cm ). 
Gg = Specific gravity of soil grain. 
M is a factor that varies with temperature and is 
constant for given values of h and Gg (Punmia 1987). 
From various time intervals, R is calculated and the 
corresponding value of He from calibration curves. 
The dlametei" of soil particles or the particle size, D 
(In mm) was calculated from : 
D = M x l O ^ W H e/t 
To compute the percentage finer (N) than D(mm) still 
remaining in suspension after the elapsed time, t minutes. 
R G3 
N = ( ) X 100 
Ud Gs -1 
The grain/particle size distribution curve is obtained by 
plotting particle diameter/size (D mm) on X-axis against 
percentage finer (N) on the Y-axis. The percentages of sand, 
silt and clay were determined from the plot. 
The soil samples were classified on the basis of their 
particle size distribution following the triangular textural 
classification chart of the U.S. Public Roads Association 
IPunmia 1987), 
Physico-cheoiica] analysis of soil : 
Measurement of pH : Suspensions of freshly collected soil were 
prepared in distilled water in the ratio of 1 : 2.5 (w/v) and 
allowed to stand for 30 rain with occassional stirring. The pH 
was determined using Elico Model No Ll-120 pH meter. 
MeaEuremant of temperature ; The soil temperature was 
recorded at the sampling site using a centigrade mercury 
thermometer graduated upto 110*0. 
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Moisture content of soil : 10 g of each soil sample was 
weighed in preweighed tin foils and placed in an oven at a 
temperature adjusted between 105'*-110°C for 12-18 hr. The soil 
samples were subsequently cooled and weighed again. The 
difference in weight between the moist soil and the oven dry 
soil is the moisture content and expressed in terms of 
percentage. 
Uator holding capacity of soil : Water holding capacity of 
soil was determined according to the method of Shaw (1958). 
50 g of air dried soil was taken in a funnel lined with glass 
wool at its neck and the end fitted with rubber tubing and 
stop cock. 50 ml of water was added to it and allowed to stand 
for 30 rain. The water was then allowed to drain for 30 mln. 
The difference in the volume of water Initially added and the 
volume of water drained out from the soil is the water holding 
capacity expressed In terms of percentage. 
Bacteriological analysis : 
Enumeration of viable count : Soil samples were homogenized 
in a Remi teflon homogenizer (No. LT56-3). Soil homogenate was 
serially diluted in O.OIM MgS04 (pH 7.4) and plated on 
nutrient agar plates. Colonies were, scored after overnight 
Incubation at 37°C (APHA, 1985). 
Enumeration of cellulolytic and proteolytic bacteria : Soil 
homogenate waa serially dllute'd In O.OIM MgSQ^ (pH 7.4). Both 
the cellulolytic and proteolytic bacteria were enumerated 
according to the method of Uollum (1982). For cellulolytic 
bacteria, the samples were plated on minimal salt medium 
supplemented with cellulose as sole source of carbon. 
Colonies were scored after 64 hr incubation. However, for the 
Identification of proteolytic bacteria gelatin agar was used. 
Samples were plated on agar plates and flooded with 12.5 % 
mercuric chloride solution. The colonies forming the clear 
zones were the gelatin degraders. Colonies were scored after 
6A hr of incubation at 37°C. 
Enumeration of fungi : The method of Uollum (1982) was used 
for the enumeration of fungi. Soil homogenate was serially 
diluted In 0.01 M MgS04 (pH 7.4) and plated on Peptone-glucose 
acid agar. Fungi were scored after incubation ranging from 40 
hr to 4 1/2 days at 37°C. 
Enumeration of actinomycotes : For Isolation and enumeration 
of actInomycetes, soil homogenate was serially diluted in 0.01 
M MgS04(pH 7.4) and plated on Actinomycetes isolation agar 
(Hi-Medla). Colonies were scored after 64 hr incubation at 
370c. 
Enumeration of rhizobium : Rhizoblum In soil was enumerated 
on Yeast mannltol agar supplemented with 25 ng ml congo red, 
following the method of Vincent (1970). Colonies were scored 
after 24 hr Incubation at 37'>C. 
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Total bacterial count : Total bacterial count was determined 
by the method of Conn (1918). 10 g of soil was dispersed in 
95 ml of diluent solution. Homogenate was serially diluted and 
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0.01 ml was spread over an area of 1 cm on a glass slide and 
allowed to dry. The smear was fixed with 40% acetic acid for 3 
min. The excess acid was washed away and the slide was dried 
on a boiling water bath, the smear was stained with phenolic 
rose bengal for 5 min. The slide was then observed under a 
light microscope and the number of bacteria per field was 
counted. The total number of bacteria per gram of oven dry 
soil has been calculated using the formula. 
2 (Average count/Field) (Number of fields/cm ) (Dilution factor) 
(weight of oven dry soil/Weight of moist soil) 
Determination of Most Probable Number ; Standard coliform MPN 
test was performed using MacConkey's broth following the 
standard methods (Topping 1938; APHA 1985). Each test 
consisted of 3 sets of five tubes with Inverted Durham's tube. 
The first set contained 10 ml of double strength MacConkey's 
broth to which 10 ml of soil hotnogenate was added. The second 
and third set consisted of 5 ml of single strength MacConkey's 
broth to which 1 ml and 0.1 ml of soil homogenate was added, 
respectively. Tubes were incubated for 48-72 hr at ST^C. Tubes 
were scored as positive or negative on the basis of gas 
formation and the MPN was determined using McCrady's table. 
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Isolation and characterization of ollgotrophic bacteria : 
Oligotrophia bacteria have been isolated according to the 
method of Hattori (1976). To study the effect of nutrient 
concentration on their growth, soil bacteria were incubated in 
five different dilutions of nutrient broth (NB) i.e. NB 
(undiluted); NB/10; NB/100; NB/1000; and NB/10000. Bacterial 
growth was monitored by measuring the optical density in the 
case of NB, NB/10, NB/100 and NB/1000 and by plate count in 
the case of growth on NB/10000 and distilled water. 
Classification of the bacteria was done in relation to the 
range of dilution of NB fostering their growth. 
Determination of total microbial biomass : Microbial biomass 
was determined by the soi1-fumigation method of Jenkinson and 
Powison (1976). For each determination^ 250 g soil was taken 
in each of the four glass beakers. Two portions were fumigated 
with chloroform for 48 hr while the other two were left 
unfumigated. Each fumigated sample was then inoculated with 1 
g fresh soil and mixed thoroughly. All the four samples were 
brought upto 55% water holding capacity and placed in glass 
Jars along with beakers containing 100 ml IN NaOH. The jars 
were sealed and made air-tight and incubated for 10 days. 
Controls (containing only alkali but no soil) were also run 
simultaneously. After the 10 day incubation period, the NaOH 
was removed and the CO2 absorbed was estimated 
titrimetrica11y. Excess of 3N barium chloride was added to 
precipitate the carbonate as insoluble barium carbonate. The 
unreacted NaOH was then titrated against IN hydrochloric acid 
using pheno1phthaIein as indicator. The amount of CO2 evolved 
from soil was calculated from the following formula (Stotzky, 
1965) . 
Milligrams of C or CO2 = (B - V ) NE 
Where, 
B = Volume of acid needed to titrate NaOH from control 
jars to end point. 
V = Volume of acid needed to titrate NaOH from jars 
containing soil samples. ' 
N = Normality of acid. 
E = Equivalent weight. To express data in terms of 
carbon, E = 6; in ternjs of C02» E =22. 
From the values obtained by the above equation, the 
microbial biomass may be calculated using the formula given 
be 1ow. 
ICO2-C evolved froa fuaigated soil) - (CO2 -C evolved froa unfutigated soil) 
Total aicrobial bionass 
Fraction of bioaass C aineralized to CO2 over the 10 da/ incubation period (k) 
Qualitative and quantitative determination of PAHs in soil: 
A modified method of Bolman et al (1985) has been followed to 
analyze PAHs in soil. 10 g soil was homogenized in 20ml AR 
grade acetone three times using a teflon homogenlzer. The 60 
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ml acetone fraction was saturated with distilled water and 
extracted twice with 75 ml HPLC grade hexane. The hexane 
fraction was passed through a column packed with oven-dried 
anhydrous sodium sulphate and concentrated to 1 ml on a thin 
film rotary evaporator (Scientronic Instruments No. SE 100) 
and the volume was made upto 5 ml in acetonitri1e. 
The extracts were analyzed at the Environmental Chemistry 
Laboratory of Dr. K.P. Singh, Scientist, ITRC, Lucknow, by 
reversed phase HPLC using Waters HPLC system. Chromatography 
waa performed on a 4.6 mm x 25 cm ODS column with 5 M packing. 
The isocratic mobile phase consisted of acetonitrlle and water 
in the ratio of 70 : 30 and was run at a flow rate of 1 
ml/min. 20nl of sample was injected and PAHs were detected at 
254 nm. 
Isolation and characterization of PAH-degrading bacteria : 
Bacteria capable of degrading PAHs have been isolated by the 
enrichment-culture technique. 1 ml soil homogenate was 
inoculated separately in 50 ml nutrient broth supplemented 
with 0.1% naphthalene, 0.1% anthracene and a mixture of 0.IX 
of naphthalene and phenanthrene and incubated at 30°C. After 7 
days of incubation, 0.2 ml of the culture was plated on 
minimal salt agar plates supplemented with O.IX of individual 
PAHs. The colonies arising from the plates were repeatedly 
sub-cultured to confirm their PAH-d.eg rad i ng ability. 
I ditin 11 f Icat ion o£ PAH-dejjrading bacteria was done on the basis 
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of the colony morphology, cultural characteristics and various 
biochemical reactions following the Bergey's Manual of 
Systematic Bacteriology (1964), 
Antibiotic sensitivity test : The bacterial isolates were 
tested for their sensitivity to different antimicrobial agents 
by the disc diffusion method of Bauer et al (1966). 0,1 ml of 
I 
the exponentially grown cells with 3.0 ml of molten soft agar 
was layered over freshly prepared nutrient agar plates and 
allowed to set for half an hour. The antibiotic impregnated 
discs were than placed on the agar layer using sterile forceps 
and the plates were incubated overnight at ST^C. The zone of 
inhibition of growth around the antibiotic discs were measured 
and the result recorded as resistent or sensitive based on the 
zone s ize. 
Isolation of Plasmid DNA : Plasmid DNA was isolated from the 
PAH degrading strains according to the method of Kado and Liu 
(1981). Cells from freshly grown cultures were lysed using 
alkaline SDS solution (pH 12.5) and incubated at 65"C for 30 
min. Subsequently, a 1 : 1 mixture of phenol and chloroform-
isoamyl alcohol was added and vortexed and then centrifuged 
at 10,000 rpm for 5 min. The supernatant -containing plasmid 
DNA was removed and subjected to agarose (0.8X) gel 
electrophoresis. The electrophoresis was performed at 25mA for 
3 hr. The gel was stained with ethidium bromide and visualized 
on a Biotech UV transi11 urn 1nator (No. 10-01) and the 
58 
fluorescent profile was photographed. 
Plaemid Curint* : The curing of plasraid experiment was 
performed following the method of , Hardraan et^  a_L (1968). 
Overnight cultures of the PAH degraders were diluted in fresh 
nutrient broth and grown in the presence of 1, 5, 10 and 15 
>jg of ethidium bromide , a well known curing agent. A control 
without any curing agent was also run simultaneously. The 
cultures were incubated for 12 hr at 37"*C . After 12 hr 
incubation, the cells were serially diluted in O.OIM MgSO^ 
and plated on nutrient agar plates supplemented with 
antibiotics - nalidixic acid 350jjg/ral in the case of strain I 
and ampiciilin 4,4 and lOjag/ml in the case of strains II , 
III and IV respectively. The plates were incubated overnight 
at ST^C and the number of colonies appearing on the plates 
were scored. 
The number of cured cells = (The number of colonies on the 
plain plate: at a specific 
concentration) - (The number of 
colonies on the antibiotic 
supplemented plate at the same 
concentration). 
Kinetics of biodegradation : The microcosms each consisting of 
300 g of soil were prepared in 500 ml conical flasks and 
spiked with standard solutions of six PAHa at a loading of 
20mg/Kg soil. The microcosms were left open to the atmosphere 
at 25 ± 2''C to permit the carrier solvent to evaporate before 
remoistening the soil and capping the flasks, Each set of 
microcosms was loaded with individual PAHs and to one of the 
sets a mixture of all six PAHs were added. The control 
consisted of sterile soil and a raiKture of PAHs. 
The flasks were incubated at 30°C. To offset the low soil 
moisture, the moisture content of the soil was maintained at 
60% of water holding capacity through regular addition of 
•o t e r i 1 e distilled water. 
Periodically aliquots of 10 gm soil in triplicate were 
removed from the microcosms. The PAHs were extracted by 
homogenizing the soil three times in 50 ml acetone. The 
acetone fraction was then saturated with water and extracted 
twice with 125 ml of hexane. Subsequent 1y,the hexane fraction 
was filtered through an anhydrous sodium sulphate column and 
concentrated to 1 ml on thin film rotary evaporator. The 
concentrate was then made upto 5 ml with hexane. The PAHs were 
quantitated in the organic concentrates by HPLC as described 
ear 1i er. 
6 *.' 
RESULTS 
RESULTS 
The soil samples collected from eight different locations 
near oil refinery were subjected to mechanical, physico-
chemical and bacteriological analysis. 
Mechanical analysis of soil : The mechanical analysis of the 
soil samples provided considerable information regarding the 
composition and texture of soil in the test region. The 
textural classification and grain size distribution of the 
soil is shown in Table V. The grain size analysis revealed 
that in all the test regions except the one at Bhainsa, the 
percentage of clay varied between 12-18% . However at Bhainsa, 
the clay fraction was estimated to be 46% . Nevertheless, the 
percentage composition of sand and silt varied between 13-49% 
and 39-53% respectively. The texture of almost 87.5% of the 
total soil tested was either loam or siIty loam, whereas 12,5% 
fraction was clay. 
Physico - chemical analysis of soil : 
The pH and temperature of the soil samples were tested at 
different depths in different seasons. During the course of 
the study, the pH of the soil was found to be in the alkaline 
range, mainly between 7.6 to 9.0. The temperature of the soil 
samples was observed to be between ^4°C to SS'C and showed 
seasonal as well as depth variations (Table VI). 
Table VII shows the moisture contents and water holding 
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capacity (UHC) of the soil samples. The moisture content was 
determined to be in the range between 0.5% to 18X at the 
depth of 0 - 6". However, at the depths of 6" - 12" and 12' 
24", it was found to vary in the range from 1.22 to 17.4394 and 
5.6 to 18.07% respectively. 
A slight variation in the UHC of the soil was observed in 
different seasons. The lowest WHC value was noticed in summers 
i.e, 29.3% and the highest UHC value was observed in winters 
i.e, 50% at the depth of 0 - 6". It was generally higher in 
summers at 6" - 12" depth and in winters at 12" - 24" depth. 
Bacteriological analysis : 
The total bacterial counts and viable bacterial counts in 
the soil are given in Table VIII. The highest viable count 
was observed during spring and summers 'and it typically ranged 
6 9 between 10 - 10 CFU/ml. However, in winters, the viable 
4 5 population density dropped significantly to about 10 to 10 
CFU/ml at the 0-6" depth, while at 12"-24" depth, the viable 
4 
population was around 1-6 x 10 CFU/ml. In summers, however, 
at 6"-12" depth, the viable count was 9 x 10 to 5 x 10 
CFU/ml. The total bacterial count in soils at the test region 
11 12 
ranged between 1x10 to 9x10 bacteria/gm soil irrespective 
of the depth or season variations. 
The frequency of distribution of logio numbers of 
microbial population in the soil samples is given in figures 5 
to 9. Significant variations have been observed in the 
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oL 
BD 
I ± 
BH AP BG BS LP 
Sampl ing Sites 
DT BR 
Fig. 5. Frequency of distribution of microbial 
pop.ulation in spring, 1991 at 0 - 6" 
depth. 
Proteolytic bacteria ( # ); Cellulo-
lytic bacteria ( O ); Fungi ( A ) ; 
Actinomycetes ( O ) 
The sampling site codes are explained in 
Table V. 
bl 
c 
O 
o 
o C7> 
O 
AP BG B5 
Sampl ing Sites 
LP DT BR 
F i g , Frequency of distribution of microbial 
population in summer, 1991 at 0 - 6" 
depth. 
Proteolytic bacteria ( # ); Cellulo-
iytic bacteria ( O ); Fungi ( A ); 
Rhizobium ( A ); Actinomycetes ( O ) 
The sampling site codes are explained in 
Table V. 
6B 
AP BG BS LP 
Sampl ing Sites 
BR 
Fig. 7. Frequency of distribution of microbial 
population in summer, 1991 at 6" - 12" 
depth. 
Proteolytic bacteria ( # ); Cellulo-
lytic bacteria ( 0 ); Fungi ( A ); 
Rhizobium ( A );Actinomycetes ( O )• 
The sampling site codes are explained in 
Table V. 
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0 
BD 
J_ ± 
BH AP BG B5 
Sampl ing Sites 
LP DT BR 
Fig. 8. Frequency of distribution of microbial 
population in winter, 1991 at 0 - 6" 
depth. 
Proteolytic bacteria ( # >; Cellulo-
lytic bacteria ( O ); Fungi ( A ); 
Rhizobium ( • );Actinomycetes ( # ). 
The sampling site codes are explained in 
Table V. 
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BG B5 
Sampling Sites 
BR 
Ftg. Frequency of distribution of microbial 
population in winter, 1991 at 12" - 24" 
depth. 
Proteolytic bacteria I # ); Cellulo-
lytic bacteria ( O ){ Fungi ( A ); 
Rhizobium ( • );Actinomycetes ( O ). 
The sampling sit© codes are explained in 
Table V. 
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population of cellulolytlc bacteria, proteolytic bacteria, 
rhizobium, fungi and actinomycetes at all the sampling sites. 
Proteolytic bacteria in general, were less in number ranging 
3 5 
between 1 x 10 to 6 x 10 CFU/ml. Rhizobium, actinomycetes 
and cellulolytlc bacteria were present throughout the study in 
3 7 
the range of 1 x 10 to 1 x 10 CFU/ral. In contrast, the 
fungal population which generally requires an acidic 
environment for growth, was invariably low and ranged between 
2 4 10 - 10 CFU/ml particularly during summers as compared to 
other microbes. 
In order to quantitate the presence of coliform bacteria 
at the test sites, the MPN coliform count was determined. 
Table IX shows that the MPN coliform varies in the range from 
7 to > 1600 col iforms/100ml. The MPN count in spring 1991 was 
low all over the test region except Baboori Garvi and Dhana 
Teja which showed high counts at 900 and 1 1600 
col iforras/100ml. On the contrary,in summers 1991, the MPN 
count was > 1600 coI 1 forms/100m1 at most of the sites except 
at Aganpura and Bhainsa at 0 - 6" and 6" - 12" depths and at 
Baad and Ladpur at 6" - 12" depth. 
Oligotrophic bacteria in soil : Table X shows the presence of 
microorganisms in soil capable of degrading even very low 
concentration of xenobiotlcs. These o l,i gotroph Ic bacteria have 
been characterized on the basis of their differential growth 
pattern at varying nutrient concentrations. Bacteria showing 
Table IX : MPN collform count of the soil samples at varying 
depths and seasons. 
hPH colifoiin count of soil samples at varying depths 
Sampling and seasons (coIiforms/100 ml), 
sites 
Baad 
Spring 9 1 
0 - 6 " 
Baboor i 
Gar V i 
Baboor i 
S a r k i 
Ladpur 
Aganpura 
Barar i 
Dhana 
Teja 
Bhainsa 
900 
130 
22 
300 
7 
> 1600 
500 
Sunimer 91 
0 - 6 ' 
> 1600 
> 1600 
> 1600 
> 1600 
60 
> 1600 
> 1600 
110 
Summer 91 
500 
> 1600 
> 1600 
240 
240 
> 1600 
> 1600 
240 
Table X : Growth pattern of NB/100 bacterial isolates at 
varying nutrient concentrations. 
Categor i es of 
or gaii israa 
NB NB/10 NB/100 NB/1000 NB/10,000 
Type I 
Type I I 
Type r I I 
Type IV + + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ +, growth observed ; - -, growth not observed, 
Type I 
Type I I 
Type I I I 
Type IV 
1 
NB NB/10 NB/100 NB/1000 NB/10000 
Growth range of soil bacteria as a function of nutrient 
concentration. 
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appreciable growth on media within a range from NB to NB/1000 
have been designated as type 1, while those growing well on 
media involving further dilutions of NB were type II. The 
isolates which did not grow well on NB but grew only on media 
in a range from NB/10 to NB/1000 were assigned to type III, 
while those growing well on media of a range involving further 
dilutions were type IV. Some isolates of type II and IV also 
showed appreciable growth even in distilled water. Bacteria, 
particularly those belonging to type II and IV have been 
considered as oligotrophs since they exhibit the ability of 
utilizing the compounds in trace amounts. 
Quantitation of PAHs in soil : The concentration of 
different PAHs viz. naphthalene, anthracene, phenanthrene, 
pyrene, chrysene and benzo(a)pyren© have been determined in 
the soil samples collected from eight different sites (Table 
XI). The concentrations of individual PAHs per kg of soil in 
the acetonitrile fraction are as follows - naphthalene varies 
in the range from 1.93 to 246 jJg/kg. Anthracene at the 
concentration of 78.6 pg/'kg was detected only at Baad. 
Concentration of phenanthrene ranges from 11.73 to 3178 >ig/kg. 
Pyrene concentration ranges from 75.5 to 199>ig/kg. Chrysene 
concentration was 89.25^g/kg and was (detected only at Baboori 
Garvi. The concentration of benzo(a)pyrene ranged between 2293 
to 3287 jig/kg. The data indicates that the concentration of 
PAHs at most of the sites were significantly higher than the 
reported background concentration. 
Table XI : Quantitation of PAHs in soil samples. 
Saapling 
Sites 
Baad 
Baboorl 
Garvi 
Baboori 
Sarki 
Ladpur 
Aganpura 
Barari 
Dhana 
Teja 
Bhainsa 
H.D.-
Naphthalene 
N.D. 
1.93 
29. B 
240.3 
25.3 
123 
2.59 
246.2 
Hot detected. 
Conceattatlon of PAHs 
Anthracene 
78.6 
N.D. 
N.D. 
N.D. 
H.D. 
N.D. 
N.D. 
N.D. 
Phenanthrene 
N.D. 
11.73 
N.D. 
N.D. 
3178.8 
125.98 
642.6 
107 
(jig/kg so 
Pyrene 
N.D. 
185.97 
N.D. 
N.D. 
H.D. 
N.D. 
75.5 
199.1 
il) . 
Chrysene 
N.D. 
89.25 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
Benzolalpyrene 
3287 
N.D. 
2293 
N.D. 
N.D. 
2755.5 
N.D. 
N.D. 
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Esiioiation of soil microbial biomass : 
The soil microbial biomass at the test sites is shown in 
Table XII. The data revealed that the microbial biomass varied 
between 366 to 1604 mg C02''100gm of soil. This range of 
biomass is considerably high as compared to the reported 
va1ues. 
Characterization of PAH degrading bacteria : 
The bacterial strains capable of utilizing PAHs as a sole 
source of carbon have been isolated from the soil samples. 
Four bacterial strains have been isolated and characterized. 
These strains exhibited optimum growth on minimal salt medium 
supplemented with 0.1% naphthalene, anthracene and a mixture 
of naphthalene and phenanthrene (O.IH each). Table XIII shows 
their morphological and biochemical characteristics. The 
isolates fit best into section 12 of the Bergey's Manual of 
Systematic Bacteriology, representing obligate aerobes, Gram 
positive cocci and section 4, describing Gram negative rods 
and coccal rods. The highest degree of similarity in their 
characteristics was observed with the genus M icrococcus. 
Pseudomonas and A1cali genes. Strains I and II were identified 
as Micrococcus species while strains III and IV were identi-
fied as Pseudomonas and Alcaligenes respectively. All the 
isolated strains were found to be salt tolerant as they were 
able to grow in medium with high ionic strength (7.5X NaCl). 
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Antibiotic sensitivity : 
All the four bacterial isolates were tested for their 
sensitivity to different antimicrobial agents. Table XIV 
shows the antibiotic resistance pattern of the soil bacteria. 
The data revealed that strain I was sensitive to all the 
antimicrobial agenLi; except nalidixic acid. Strains 11, III 
and IV however showed multiple antibiotic resistance. More 
specifically, strain II was found to confer resistance towards 
the antimicrobial drugs namely ampicillin, cloxacillin, 
penici11in-G, rifampicin and sulphamethizole. It also 
exhibited intermediate response towards carbeniciI 1 in, 
nalidixic acid and trimethoprim. Strain III showed resistance 
to ampicillin, chloramphenicol, penicillin-G and rifampicin 
and intermediate response to erythromycin, nalidixic acid and 
neomycin. Strain IV was resistant to ampicillin, pencillin-G 
and rifampicin and showed intermediate response to 
erythromycin, kanamycin and neomycin. 
Agarose gel electrophoresis of plasraid DNA : Figures 10 and 11 
show the e1ectrophoreetic pattern of the plasraid preparations 
on IX and 0.8X agarose gel respectively. The mobility of the 
plasraid DNA seems to be relatively high, as the plasraid DNA 
bands corresponds to the band of lambda DNA. The supercoiled 
and nicked species of the plasraid pBR322 moved faster than the 
Isolated plasraid DNA. The results indicate that the molecular 
uuiyht of the Isolated plasmid DMA molecules is comparable to 
BO 
Table XIV ; Antibiotic resistance pattern of PAH-dograding bacteria 
Concen-
Antibiotics tratian 
Resistance Pattern 
(us) Micrococcus Micrococcus Pseudomonas Alcaligenes 
(I) (II) (III) (IV) 
Ampicillin 10 
Carbenici11in 100 
Chloramphenicol 30 
CIoxaci11 in 1.0 
Erythromycin 15 
Gentamicin 10 
Kanamycin 30 
Nalidixic acid 30 
Neomycin 30 
PenicilIin-G 10 U 
Polymyxin-B 300 U 
Rifampicin 5 
Streptomycin 10 
Sulphamethi- 300 
zol e 
Tetracycline 30 
Tobramycin 10 
Trimethoprim 5 
+ + 
+ + 
+ + 
+ + 
- + 
+ + 
- + 
+ + 
+ + 
+ + 
+ + 
(+ +> Resistant; (- +) Intermediate; (- -) Sensitive 
81 
Fig. 10. Agarose gel e lec t rophores is of plasmid 
DNA i so la t ed from PAH-degrading bac te r ia 
1 in the absence of s tandards. 
Lane 1 - S t ra in I I ; Lane 2 - S t ra in I ; 
Lane 3 - S t ra in I I I ; and Lane if -
• S t ra in IV. 
82 
Fig. 11. Agarose gel electrophoresis of plasmid 
DNA isolated from PAH-degrading bacteria 
in the presence of standards - X DNA and 
pBR322. 
Lane 1 - A DNA; Lane 
3- Strain II; Lane k 
5 - Strain III; Lane 
2 - pBR 322; 
- Strain 
6 - Strain IV. 
Lane 
I; Lane 
83 
the molecular weight of lambda DNA. • 
Curing of plasmids : All the four bacterial isolates lost the 
plasmids on treatment with ethidium bromide. Figure 12 shows 
that curing occured at concentrations as low as 1 jjg/ml of 
ethidium bromide and increased with increasing concentration 
of ethidium bromide. Strain II showed almost 50% curing at 1 
pg/ml concentration of ethidium bromide, , while strain III 
showed only 2094 curing at the same concentration of the curing 
agent. Strains I and IV showed 26% and 32 % curing 
respectively. Curing of upto 90X was observed at a 
concentration of 15 )ag/ml ethidium bromide. 
Biodegradation of PAHs in soil microcosms : Figures 13 and 14 
show the results of microcosra studies, indicating that the 
concentration of low molecular weight PAHs decreased with time 
in the spiked soil as compared to the control. Almost 90% 
degradation of naphthalene was observed just after 10 days of 
incubation and completely disappeared within 60 days. 
Phenanthrene was found to be another readily degradable PAH 
exhibiting 87% degradabi1ity after 120 days of incubation 
under the specified laboratory conditions, followed by 
benzo(a)pyrene (40%), anthracene (34%), pyrene (21%) and chry-
sene (only 5%). Figure 13 gives an idea regarding the rate of 
disappearance of these PAHs as a function of time. No signi-
ficant degradation was noted in control comprised of sterili-
zed uull uplktid with exactly the same concentrations of PAHs. 
G4 
100 
5 10 
Ethidium Bromide ( u g / m l ) 
15 
Fig. 12 Plasmid curing of PAH-degrading bacteria 
by treatment with ethidium bromide. 
Strain 1 < • ); Strain U ( O >; 
Strain 1II ( A ); Strain IV < A ). 
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Fig. 13 Rates of disappearance of six PAHs added 
to soil raicrocosms by the action of 
indigenous microorganisms as analyzed by 
HPLC. 
Each set of soil microcosms (in tripli-
cate) was loaded with individual PAHs at 
a loading of 20mg/kg soil. The control 
consisted of sterile soil with a mixture 
of all PAHs. 
Control I :i( ) ; 
Phenanthrene ( A ); 
( X ) ; Anthracene ( 
( O ) ; Chrysene ( O 
Naphthalene ( ) 
Benzo(a)pyrene 
A 
> 
) Pyrene 
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Fig- 14. Degradation of six PAHs added to soil 
microcosms by indigenous microorganisms 
as analyzed by HPLC. 
Each set of soil microcosms (in tripli-
cate) was loaded with individual PAHs at 
a loading of 20 mg/kg soil. The control 
consisted of sterile soil with a mixture 
of al1 PAHs. 
Control ( X ) ; Napthalene ( i^fC ) ; 
Phenanthrene ( A ); Ben2o{a)pyrene 
( ,0 ) ; Anthracene ( # ) ; Pyrene 
( O ) ; Chrysene ( A ), 
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DISCUSSION 
DISCUSSION 
In general, the meahanical analysis of the soil provided 
considerable information regarding the composition and texture 
of soil in the test region. A majority of the tested soil was 
either loam or si1ty loam which is reported to be good for 
binding of PAHs to the soil particles. Since PAHs have a 
hydrophobic character as evident from the high water: octanol 
partition coefficient, they tend to bind to the soil particles 
and become less available to microorganisms for mineralization 
and therefore accumulate. Apart from this, there are several 
other abiotic and biotic factors that control the degradation 
of PAHs in soil. An attempt has, therefore, been made to 
monitor these physico-chemical parameters influencing the rate 
of biodegradation of PAHs in soil. As evident from Tables VI 
and VII, the temperature, pH and moisture content of the soil 
in the test region seems to be optimum for the proper growth 
and effective mineralization of PAHs. A seasonal variation 
has been noticed which may obviously 'retard the degradation 
processes at certain levels. 
The data shown in Table VIII reflects a high microbial 
population in soil. Also a correlation between viable 
bacterial density versus pH, temperature and moisture content 
was noticed. 
A ulgulflv::ant population of cellulolytic, proteolytic 
B8 
bacteria, rhizobium, fungi and actinomycetes have been 
enumerated (Figures 5 - 9). The presence of these 
microorganisms indicates that the soil in the test region is 
well nourished and these microorganisms might be acting in 
consortia to degrade the noxious and recalcitrant compounds. 
Certain oligotrophic bacteria have been isolated from 
soil by culturing them in nutrient broth at various dilutions 
(NB, NB/10, NB/100, NB/1000 and NB/10,000). As evident from 
Table X, the bacteria showing appreciable growth on media 
within a range from NB to NB/1000 have been designated as type 
I, while those growing well on media involving further 
dilutions of NB were type II. The isolates which did not grow 
well on NB but grew only on media in a range from NB/10 to 
NB/1000 were assigned as type III, while those grown well on 
media of a range involving further dilutions were regarded as 
type IV. Interestingly, some of the isolates of type II and 
IV also showed appreciable growth even in distilled water. 
The aim of this experiment was to study the presence of 
oligotrophs capable of degrading or assmilating the compounds 
even if they are present in trace amounts. On the basis of 
these findings, it can be presumed that the test soil harbors 
the microbial community, capable enough to reduce the burden 
of the incoming pollutants. 
The data gains further support by the increased microbial 
biomass which varies In the range from 366 to 1604 rag CO-»/100 
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g of soil. This estimation has provided an idea regarding the 
level of nutrients and energy flow in the soil system. The 
soil in the test region is continuously receiving the refinery 
wastewater containing detectable amount of oil fractions. 
Nevertheless, the HPLC analysis of the soil revealed an 
appreciably high concentration of the PAHs (Table XI). 
Several bacterial species capable of degrading low 
molecular weight PAHs, particularly naphthalene, anthracene 
and phenanthrene have been isolated and characterized. They 
belong to genus MIcrococcus. Pseudomonas and A 1caligenes. 
Interestingly, all these species were found to be tolerant to 
high ionic strength upto 7.5 % NaCl. This infact, reflects 
the adaptability of these microorganisms, since at most of the 
test sites the soil was noticed to be extremely saline with 
the deposition of salt in the form of layers. 
Though, it is too early to discuss the efficacy of the 
degradation potential of these bacteria, it is presumed that 
the degrading capacity of the microorganisms could be improved 
by genetic manipulations. Interestingly, all the biodegraders 
were found to be resistant to one or more antimicrobial agents 
(Table XIV>. The curing data and agarose gel electrophoresis 
have provided sufficient evidence that the drug resistance is 
plasmid borne. The significance of this study is due to the 
fact that plasmid vectors normally contain antibiotic 
resistant genes which usually have a unique cleavage site for 
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one or more restriction endonucI eases. Insertion of foreign 
DNA fragments into such sites may result in inactivation of 
the antibiotic resistant marker, which provides a useful 
phenotypic change for the detection of hybrid molecules and 
may cause the cloned gene to be expressed from an active and 
constitutive antibiotic resistance gene promoter. 
Finally, our microcosm studies on the biodegradation of 
PAHs revealed that a significant proportion of naphthalene 
seems to be lost through vo I ati I iaat ioiS, may be during spiking 
and/or sample preparation, whereas the remaining has been 
mineralized by microbial activity. Herbes and Schwall (1978) 
14 
also reported that approximately 50 % of the C-naphthaIene 
loss was due to microbial degradation. On the contrary, 
phenanthrene has a low Henry's law constant (vapour 
pressure/solubi1ity) and therefore its loss due to 
volatilization may be less and a major proportion has been 
degraded by bacteria. Evans et al. (1965) and Kiyohara and 
Nagao (1978) have also studied the degradation of phenanthrene 
by native soil bacteria. It is also clear from our data that 
the low molecular weight PAHs particularly, naphthalene and 
phenanthrene did not require a lag period and are relatively 
more degradable as compared to the high molecular weight PAHs. 
The slow degradation of chrysene, pyrene, anthracene and 
benzo(a)pyrene in soil could be due to the saturation of 
interstitial water by these PAHs, saturation of enzymatic 
pathways or toxic inhibition of microbial activity. The 
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relatively low sorption coefficient and low solubility of 
anthracene may have resulted in the saturation of soil water 
at the concentration of 20 mg/kg. of soil. Anthracene has the 
same molecular weight as phenanthrene but it is less water 
soluble and therefore may be less available for microbial 
degradation and become more persistent. Similarly, chrysene 
has the lowest water solubility and highest sorption 
coefficient of all PAHs studied, its availability is, 
therefore, very limited to microorganisms. There are also 
reports that chrysene degrades very slowly and hence a lengthy 
incubation time is required for the assessment of the 
degradation rate (Groenewegen and Stolpe, 1976). 
The rate of disappearance of PAHs as evident from figures 
13 and 14 is generally in agreement with the earlier reported 
observations. These results are specific for microcosm system 
under specified laboratory conditions. It is believed that in 
soil receiving the oily waste, the rate of PAH disappearance 
may be different. Even then, this study has given an idea 
regarding the time period required for the appropriate 
treatment and the potential concern regarding the persistence 
of PAHs in soi1. 
On the basis of the observations indicating the low rate 
of disappearance with PAHs of high molecular weight and 
sorption coefficients and low water solubilities, it has been 
surmised that an annual loading of chrysene, pyrene and 
O' 
benzo(a)pyrene and anthracene at a concentration of 20 mg/kg 
may result in accumulation of these PAHs with time. Since 
conditions in soil on a land treatmenit site may not be optimal 
for disappearance mechanisms throughout the year, as also 
evident from our physico-chemical and microbiological data, 
the rates of disappearance in field situation may be lower or 
higher than those observed in this study. It has been 
suggested that the chemical and biological degradation and 
volatilization can be enhanced by the practice of regularly 
cultivating the soil used for land treatment. Cultivation in 
fact, increases air exchange, thus enhancing aerobic reactions 
and volatilization and also expose more surface area to the 
effects of photochemical reactions. Proper cultivation 
techniques also increase infiltration of rainwater. This 
would minimize surface water contamination by run off, but it 
Is not known how it would affect the movement of waste 
material through the soil profile. Because of their tendency 
to be bound to solids, it is unlikely that PAHs would move 
through soil in solution. They may, however, move in 
association with mobile organic colloids. Practices such as 
cultivation and fertilization may also encourage breakdown of 
organic material releasing bound PAHs and making them more 
susceptible to removal mechanisms. 
Based on these observations, the following suggestions 
have been made : 
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1. That those responsible for the disposal of oily wastes to 
land be made aware that certain PAHs could persist and 
accumulate in soil. It is desirable that they institute 
waste and soil monitoring programs to assess 
accumulation on individual sites. 
2. That long-term studies be performed to assess the 
environmental impact, including effect on ground water 
quality and bioavailability of PAHs added to different 
soil and waste types and under a variety of environmental 
cond 11 ions. 
3. That the identity and fate of soil bound PAHs and 
metabolites be determined. 
4. That studies be undertaken to identify waste management 
techniques which enhance PAH degradation or removal from 
soil. 
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SUMMARY 
SUMMARY 
Polycyclic aromatic hydrocarbons (PAHs) are a group of 
organic compounds which are produced by a variety of 
industrial processes, including the refining of oil. They 
have been identified as potential environmental and health 
hazards. In this study we have reviewed the information 
regarding the sources and properties of PAHs and the processes 
affecting their persistence in soil. The review of literature 
also indicated that industrial activity has resulted in 
inputs of PAHs into the environemt in excess of natural 
inputs. It is now a well established fact that some PAHs are 
toxic, carcinogenic and/or mutagenic in nature and because of 
their low water solubility and high lipid solubility may 
persist in the environment and bioaccumulate. In the present 
investigation, the concentration of certain selected PAHs have 
been found to be considerably high in the agricultural fields 
near Mathura Oil Refinery. The soil in the test region was 
mainly loam and silty loam. The physico-chemical and 
microbiological studies revealed that the conditions are 
mostly favourable for the degradation of PAHs in soil. 
Certain bacterial species have been isolated and characterized 
which are capable of degrading PAHs in soil. Almost all the 
species were found to be sa1t-to 1erant and exhibiting plasmid 
mediated antibiotic resistance. The microcosm studies 
indicated that the low molecular weight PAHs such as 
vy 
naphthalene and phenanthrene are degraded easily as compared 
to high molecular weight benzo(a)pyrene, pyrene and chrysene. 
Anthracene was however found to be degrading slowly. A lag 
phase Q£ approximately 10 days was invariably observed except 
in the case of naphthalene. It is therefore surmised that 
high molecular weight PAHs are more recalcitrant and tend to 
persist in ' soil and bioaccumuI ate. The data obtained is 
specific for the microcosm studies under specified conditions. 
However, the result may be important in tracing the overall 
impact of land spreading and oil contaminated refinery 
effluent influx in the soil as well as in determining when 
sludge reapplication should be made and how successful certain 
management practices will be in achieving the goal of rapid 
and environmentally safe hydrocarbon degradation and 
contaminant demobilization. 
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